Three DNA polymerases (A, B and C) have been purified from the soluble cytoplasm of ungerminated wheat embryos. Mainly on the basis of chromatographic, template-specificity and salt-inhibition evidence, we have characterized the three enzymes. Other physicochemical and enzymic properties are described. From purified mitochondria we have purified a DNA polymerase that behaves like DNA polymerase B on chromatographic and template-specificity criteria. Only highly purified enzyme B from the soluble cytoplasm showed an exonuclease activity able to degrade 3'-or 5'-labelled polydeoxyribonucleotides, as well as a 'proof-reading' capacity.
Three DNA polymerases (A, B and C) have been purified from the soluble cytoplasm of ungerminated wheat embryos. Mainly on the basis of chromatographic, template-specificity and salt-inhibition evidence, we have characterized the three enzymes. Other physicochemical and enzymic properties are described. From purified mitochondria we have purified a DNA polymerase that behaves like DNA polymerase B on chromatographic and template-specificity criteria. Only highly purified enzyme B from the soluble cytoplasm showed an exonuclease activity able to degrade 3'-or 5'-labelled polydeoxyribonucleotides, as well as a 'proof-reading' capacity.
Multiple DNA polymerases are found in prokaryotic and eukaryotic organisms. In the case of bacteria, DNA polymerase-I, found in 1956, was the only enzyme having DNA polymerase activity, until the isolation of mutants led to the purification and characterization of two other distinct enzymes, DNA polymerases-II and -III (Kornberg, 1974; de Lucia & Cairns, 1969; Gefter, 1975) . In the case of mammalian cells, three DNA polymerases (a, and y) have been found (Bollum, 1975; Holmes & Johnston, 1975; Wintersberger, 1977; Weissbach, 1977) . DNA polymerase-a is a high-molecularweight enzyme found mainly in the soluble cytoplasmic fraction. It may have an important role in DNA replication, since it increases dramatically during the S-phase of active DNA synthesis (Chang et al., 1973; Spadari & Weissbach, 1974; Chiu & Baril, 1975) . DNA polymerase-,6 is a low-molecularweight enzyme having a high affinity for chromatin, very resistant to N-ethylmaleimide and whose level is not affected duringthe cell cycle. DNA polymerasey is found in the nucleus and the cytoplasm, and seems to be the only enzyme operating in the mitochondria (Bolden et al., 1977; Bertazzoni et al., 1977; Hubscher et al., 1977; Tarrago-Litvak et al., 1978) .
In the case of low eukaryotes, two DNA polymerases have been well characterized in yeast. One of these enzymes has 3'-and 5'-exonuclease activities associated with the polymerizing activity, as with bacterial DNA polymerases (Wintersberger, 1974; Chang, 1977) .
Although there are numerous reports on bacterial and animal DNA-dependent DNA polymerases, * To whom requests for reprints should be addressed. Vol. 181 only a few articles can be found describing the detailed characterization and/or purification of DNA polymerases from higher plants. DNA polymerase activity has been reported in isolated nuclei of plants (Jerzmanowski et al., 1974; Yamaguchi et al., 1976) and it has been purified and characterized from chromatin (Dunham & Cherry, 1973; Srivastava & Grace, 1974; Stevens & Bryant, 1976; Tymonko & Dunham, 1977) or from the soluble cytoplasm (Stout & Arens, 1970; Mory et al., 1974 Mory et al., , 1975 Robinson & Bryant, 1975; Castroviejo et al., 1975; Tarrago-Litvak et al., 1975; Gardner & Kado, 1976; Stevens & Bryant, 1978) .
In a previous article we reported the purification of two DNA polymerases from the soluble fraction of ungerminated wheat embryos. By changing some chromatographic steps we have been able to show the presence of a third enzyme in this fraction. These three activities have been extensively purified and their properties are described in the present paper. Moreover, we have isolated a DNA polymerase from purified mitochondria. Some properties of this enzyme are also discussed in the present paper, as well as a comparison with the other soluble DNA polymerases. A preliminary account of this work has already been published .
Materials and Methods

Materials
Two types of wheat seeds were used, the results with both being identical. and phosphocellulose (P11) were from Whatman (W. and R. Balston), Maidstone, Kent, U.K., and were prepared as described previously .
Methods
Wheat-embryo isolation. Embryos were separated from the rest of the grain by the mass-isolation technique of Johnston & Stern (1957) and stored at 4°C over anhydrous CaCl2. They were more than 95% viable, even after several months of storage under the above conditions. Isolation of mitochondria. The method of Cunningham & Gray (1977) was used. Essentially it consists of recovering the purified mitochondria, after centrifugation, from the interphase between 1.2 and 1.5M-sucrose. In our laboratory the centrifugation step was performed at 90000g in the 6 x 16.5 ml rotor of the MSE ultracentrifuge. The purity of the mitochondrial fraction was monitored by electron microscopy.
Electron microscopy. The mitochondrial pellet was fixed in 2.5% glutaraldehyde in 100mM-potassium phosphate, pH 7.4, for 45 min in the cold, rinsed with buffer and post-fixed in 1 Glycerol-gradient centrifugation. Sedimentation studies were performed in a 6 x 5 ml rotor of the MSE ultracentrifuge at 400000g for 16h at 4°C. The glycerol gradient was between 10 and 30% (v/v) and the sample was in a volume of 0.1 ml. Protein standards were those described above for gel filtration. The sedimentation coefficient and molecular weight (assuming that the proteins are of the globular type) were estimated as described by Martin & Ames (1961) . Isoelectric focusing. The isoelectric point (pl) was determined in a 100ml-capacity LKB 8100 column with 1 % Ampholines (pH range 3.5-10) in a 0-60% (v/v) glycerol gradient. The focusing time was at least 72h at 4°C at 2000 V. The DNA polymerase assay was performed with 10,ul portions of each fraction.
Buffers used in the purification. Buffer TKM contained 50mM-Tris/HCl, pH 7.2, 25mM-KCl, 5mM-1979 MgCl2 and 250mM-sucrose. Buffer A contained 50mM-Tris/HCl, pH7.5, 1 mM-2-mercaptoethanol, 0.1 mM-EDTA and 20 % glycerol. Buffer B contained 50mM-Tris/HCI, pH7.9, 1 mM-2-mercaptoethanol, 0.1 mM-EDTA and 20% glycerol. Buffer C contained 50mM-Tris/HCl, pH7.9, 1 mM-EDTA and 20% glycerol.
Protein determination. Protein was determined by the method of Lowry et al. (1951) , with bovine serum albumin as standard. Protein determination in the eluate of chromatographic columns was determined by spectrophotometric absorbance at 280nm.
Preparation of double-stranded-DNA-cellulose columns. The column of double-stranded DNA linked to the cellulose matrix was prepared as described by Alberts & Herrick (1971) .
Results
Purification of DNA polymerases A, B and C Crude extract. Wheat-germ (250g) was homogenized in a mortar with 4vol. of buffer TKM. All operations were performed at 4°C. The homogenate was filtered through four layers of gauze and then through one layer of Miracloth. A first centrifugation at 15000g was performed to eliminate nuclei, mitochondria and debris, and the supernatant was centrifuged at 100000g for 2h at 40C (Sloo).
(NH4)2SO4 fractionation. The S100 supernatant was precipitated between 20 and 70 %-satd. (NH4)2SO4. The pellet was dissolved in buffer A and dialysed against 50vol. of the same buffer overnight at 4°C. A 3 h dialysis was performed against 5 vol. of buffer B.
First phosphocellulose column. After absorption in the column (4cm x 15cm), the proteins not retained were eluted with buffer B plus 200mM-KCI, and the column washed until the A280 was lower than 0.1. Proteins fixed in the phosphocellulose column were eluted with 800mM-KCl in buffer B. All the DNA polymerase activity was pooled, precipitated to 70 %-satd. (NH4)2SO4, redissolved in buffer A and dialysed against 100vol. of the same buffer for 12h in the cold. Insoluble material appearing during dialysis was eliminated by centrifugation at 15000g. All the DNA polymerase activity was recovered in the supernatant, whereas almost 30% of the total proteins were eliminated. DEAE-cellulose. The dialysate from the preceding step was passed through a DEAE-cellulose column (2.5 cm x 12cm) equilibrated with buffer A. Proteins not retained by the resin were eluted with the same buffer until the A280 was lower than 0.1. The retained proteins were eluted with 300mM-KCI. Two peaks of DNA polymerase activity were found. The first was not retained in the DEAE-cellulose column, whereas the second was eluted from the column at 300mM-Vol. 181
KCl. Enzyme C was purified from the fraction not retained, whereas enzymes A and B were purified from the fraction retained on DEAE-cellulose. When DNA polymerase activity not retained on DEAE-cellulose was rechromatographed on DEAE-cellulose, none was retained by the column. Even after six months at -20°C in 50% glycerol none of this fraction was retained on a DEAE-cellulose column.
The DEAE-cellulose-column fractions eluted with 300mM-KCI containing DNA polymerase activity were pooled, diluted with buffer B to a final concentration of 200mM-KCI and applied to a phosphocellulose column.
Phosphocellulose chromatography offractions A +B. The phosphocellulose column (2.5 cmx 4cm) was washed with buffer B plus 200mM-KCI until A280 was less than 0.1. A gradient of 200-450mM-KCI was established (40ml total volume). As soon as DNA polymerase activity was detected, the gradient flow was stopped and the column washed with 35ml of 300mM-KCI in buffer B. When the eluting activity had clearly decreased, a second gradient was established between 300 and 700mM-KCI in buffer B. The elution profile of such column is shown in Fig. 1 Double-stranded-DNA-cellulose. In some instances DNA polymerase C was submitted to a further purification step by affinity chromatography on a double-stranded-DNA-cellulose column. The column (1cm x 5cm) was equilibrated with buffer C. About 10mg of purified enzyme protein was dialysed against buffer C and adsorbed on the column. After the column had been washed extensively with the same buffer, DNA polymerase activity was eluted with a gradient between 200 and 500mM-KCl. A unique peak of activity between 250 and 300mM-KCl was obtained.
In general, fractions containing enzymic activity were pooled and concentrated by dilution and passage through a small column (0.5cm x 2cm) of phosphocellulose. Elution was performed with 500mM-KCI. The concentrated fraction having DNA polymerase activity was dialysed against buffer B plus 50% glycerol. Enzymes were kept at -20°C in 50% glycerol for several months without apparent loss of activity.
In Table 1 a summary of the purification of enzymes A, B and C is shown. As in the case of the purification of many other nucleic acid-polymerizing enzymes, an increase in the total activity of wheat DNA polymerase is observed in the first steps of purification. This may be due to the loss of an inhibitor, probably a nuclease. Although we have not studied the nature of this inhibitor, it is noteworthy that the 'wash-out' of the first phosphocellulose column contains a very powerful inhibitor of DNA polymerase activity as tested with enzymes A, B and C in vitro (not shown).
Purification ofmitochondrial DNA polymerase Electron micrographs of purified mitochondria (Cunningham & Gray, 1977) from quiescent wheat embryos showed numerous intact as well as some ruptured organelles. Little non-mitochondrial material was observed. The mitochondrial pellet was suspended in buffer A plus 200 mM-KCI and 0.15% (v/v) Triton X-100 and sonicated in an Annemasse disintegrator at 4°C, three times for 10s each time, at maximal intensity, with intervals of 50s. The homogenate was centrifuged at 18000g for 10min and the resultant supernatant was used for purification. This supernatant was submitted to DEAEcellulose chromatography (see Fig. 2 ). Fig. 2(a) shows the DEAE-cellulose chromatographic profile of a cytoplasmic extract as described under 'DEAEcellulose' above. Enzyme C is not retained, whereas enzymes A+B are eluted with 300mM-KCI. In Fig. 2(b) the same type of chromatography is shown for the mitochondrial extract. No activity was found in the wash-out of the column, whereas a peak of DNA polymerase activity eluted with the 300mM-KCl step. In Fig. 2(c) Fraction no. Fig. 2 . Chromatographic study ofmitochondrial andpostmitochondrial wheat DNA polymerases (a) Chromatography of soluble cytoplasmic DNA polymerases on a column of DEAE-cellulose as described in the Results section under 'DEAE-cellulose.' (b) Chromatography of mitochondrial DNA polymerase on a column of DEAE-cellulose. Conditions of the chromatography were the same as above. The mitochondrial extract was prepared as described in the Results section under 'Purification of mitochondrial DNA polymerase'. (c) Phosphocellulose chromatography of DNA polymerase A and B. Conditions were the same as in Fig. 1 , except that a continuous gradient (----) was used, as shown in the Figure. (d) Phosphocellulose chromatography of mitochondrial DNA polymerase. Conditions for the phosphocellulose chromatography were the same as given above. The enzymic activity from the different fractions was measured in the presence of activated DNA and Mg2+; the incubation time was 30min. Table 2 . Properties of wheat DNA polymerases A, B and C The assays were done with activated DNA as template as described under 'Methods'. The incubation time was 30min.
The conditions for the determination of the isoelectric point, the sedimentation coefficient and the molecular weight are given under 'Methods'. The sensitivity to N-ethylmaleimide was determined by preincubating the enzymic fraction with 5 or 10mM-N-ethylmaleimide at 0°C for 30min, followed by a 30min incubation at 37°C, in the presence ofactivated Table 4 shows, only enzyme B gives a positive answer when the exonuclease activities at the 3'-and Table 4 . Exonuclease (a) and 'proof-reading' activities (b) on wheat DNA polymerases For the exonuclease assay the incubation mixture contained, in a final volume of 0.1 ml: 50mM Tris/HC1, pH7.9, 2mM-MgCI2, 2mM-2-mercaptoethanol, lOg of bovine serum albumin, 0.5 mM-[3H] (dpA)4-d(pA)300 (3'-labelled substrate) or 0.3 mM-(dpA)450 ([14C] (dpa)190 (5'-labelled substrate); when poly(dT) was present, the final concentration was one-fifth that of poly(dA). One unit of DNA polymerase was used. Incubation was carried out for 30min at 30°C. Residual radioactivity was determined as for the DNA polymerase assay. For the 'proof-reading' experiments the incubation mixture contained in a final volume of 50,ul the following components: 5OmM-Tris/HCI, pH7.9, 5mM-MgCI2, 5 mM-DTT, 5,ug of bovine serum albumin, 4,pM-[14C]TTP (l1lOc.p.m./pmol) and 1 unit of DNA polymerase. 5'-end of labelled polynucleotides were tested. For determining the 'proof-reading' capacity of the poly(dA)-poly(dT) enzymes, template having a [3H] guanosine at the 3'-end of the primer poly(dT) was used. The 'proof-reading' capacity was measured by the ability to excise the unmatched base and the capacity of using the free 3'-end of the poly(dT) primer for [14C]TMP polymerization. As Table 4 shows, enzyme B is again the only one able to use such a template. E. coli DNA polymerase-I was used as control. Tarrago-Litvak et al., 1975) . The purification consisted of the following steps: salt fractionation, DEAE-cellulose chromatography, Sephadex G-150 gel filtration and a phosphocellulose step. By changing some of the purification steps we have been able to find a third Vol. 181 DNA polymerase that we have called C. The main improvement is a first phosphocellulose column after the (NH4)2SO4 step. Most of the protein is not retained, whereas all the DNA polymerase activity is retained and can be eluted with high salt. A dramatic purification of about 100-fold is accomplished in this step. When the DEAE-cellulose step is done, most of the activity is not retained in the column (Fig. 2a) . By using our previously published method , we had found only a small amount of the DNA polymerase activity that was not retained in the DEAE-cellulose column. These results can be tentatively explained by the presence of an inhibitor not retained in DEAEcellulose and phosphocellulose columns. In our current purification procedure the inhibitor would thus be eliminated in the first phosphocellulose column, and enzyme C is then found in the DEAEcellulose 'wash-out'. This would imply that enzyme C, in our previous method, was present in the DEAE-cellulose step, but was strongly inhibited. We have found that the 'wash-out' of the first phosphocellulose column contains a strong inhibitory activity against DNA polymerase activity. Whether this inhibitor is a nuclease, proteinase or a more specific factor remains to be established. Mory et al. (1975) have described a high-molecularweight DNA polymerase from wheat-germ. After only one chromatographic step they obtained a homogeneous enzyme. We have not been able to obtain similar results, and in our hands at least four chromatographic steps are necessary before a highly purified enzyme is yielded. The DNA polymerase of Mory et al. (1975) resembles DNA polymerases A, B and C purified in our laboratory in its high molecular weight and high activity in quiescent embryos. Many of the properties of DNA polymerase C are similar to those of the enzyme purified from the periwinkle Vinca rosea (Gardner & Kado, 1976) .
The specific activities of DNA polymerases A, B and C shown in Table 1 are, to our knowledge, the highest described for DNA polymerases from higher plants. Only the purified enzyme from Vinca rosea has a comparable specific activity.
The molecular weights of the three enzymes are higher than 100000, as judged by sucrose-gradient centrifugation and Sephadex gel filtration, both in the presence of high-ionic-strength buffers. However, after several months at -20°C in 50 % glycerol, DNA polymerase C, although still fully active, had mol.wts. between 40000 and 60000. Proteolytic cleavage, already described in animal cells (Hesslewood et al., 1978) , could explain this finding.
Besides the distinct chromatographic behaviour, enzymes A, B and C can be distinguished by their template specificities. As Table 3 shows, only enzyme A is able to recognize a template poly(A)-dT12 in the presence of Mg2+ or Mn2 , whereas enzyme B will use it only in the presence of Mn2+ and enzyme C will not recognize it at all. Moreover, only enzyme A will use a synthetic RNA primer [poly(dT)-poly(A) (10:1)] to a significant extent, and it is the only enzyme resistant to 200mM-KCI. Properties of mitochondrial DNA polymerase from ungerminated wheat embryos Mitochondria obtained by the method mentioned above (under 'Purification of mitochondrial DNA polymerase') gave no indication of contamination with plastids when monitored by electron microscopy. The DNA polymerase activity was only released after sonication and treatment of the organelles with detergent. By the criteria ofchromatography and template-specificity, the mitochondrial enzyme resembles DNA polymerase B from the soluble cytoplasm. The mitochondrial activity is fully retained in a DEAE-cellulose column and elutes from a phosphocellulose column at the same ionic strength as does enzyme B (Fig. 2) Exonuclease and 'proof-reading' activities of wheat DNA polymerases
All our attempts to find a low-molecular-weight DNA polymerase similar to the f-enzyme in freshly purified preparations of quiescent embryos have failed (Castrovr'ejo et al., 1975) . A phylogenic study performed by Chang (1976) showed that an enzyme of the fl-type appeared only in multicellular animals (sponges and higher organisms). No fl-enzyme was found in bacteria, low eukaryotes and higher plants (wheat and Vinca rosea). A low-molecular-weight DNA polymerase has been described in tobacco, (Srivastava & Grace, 1974) , beet (Tymonko & Dunham, 1977) and pea (Stevens & Bryant, 1976) . Besides its size, the enzyme from beet has a high resistance to N-ethylmaleimide and an important affinity for chromatin, properties that are typical of DNA polymerase-fl from animal cells. In our case we have not found a low-molecular-weight DNA polymerase in quiescent embryos, and, moreover, all the wheat polymerases are inhibited by N-ethylmaleimide. No DNA polymerase activity is found in purified nuclei from ungerminated embryos (results not shown). A detailed search for a lowmolecular-weight DNA polymerase in germinated wheat has not been carried out.
Results obtained with yeast and other low eukaryotes showed that one of the two highmolecular-weight DNA polymerases has a 3'-and 5'-exonucleolytic activity associated with the poly-1979 merizing capacity (Chang, 1977) . It has been speculated that from the point of view of evolution, DNA polymerase-f, appears when the exonuclease activity associated with the DNA polymerase is lost (Chang, 1976) . This idea is supported by the results shown in Table 4 . Wheat enzyme B has a 3'-and 5'-exonuclease activity, as well as a 'proof-reading' capacity. This kind of activity is not shown by enzymes A and C. The latter two enzymes seem to be antigenically related, as is shown in the following paper (Castroviejo et al., 1979) . Another interesting similarity with the yeast enzyme is that the enzyme having exonuclease activity in yeast is not able to use synthetic RNA primers for DNA synthesis. As seen in Table 3 , enzyme A is the only one able to use the primer RNA and does not possess the exonuclease activity. Although it is tempting to compare plant DNA polymerases with animal or bacterial enzymes, we think it is too early to draw any conclusion at this stage of our work. In the case of quiescent wheat embryos the situation seems closer to that of lower eukaryotes, since we have not detected lowmolecular-weight DNA polymerases, we have not found a chromatin-associated activity, and one of the high-molecular-weight DNA polymerases from wheat has an exonuclease-associated activity.
